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Key Points

• We distinguished aneuploid
cells from diploid cells within
the hematopoietic stem
and progenitor cells using
scRNA-seq.

• Monosomy 7 cells showed
downregulated pathways
involved in immune response
and maintenance of DNA
stability.

Cancer cells frequently exhibit chromosomal abnormalities. Specific cytogenetic aberra-

tions often are predictors of outcome, especially in hematologic neoplasms, such as

monosomy 7 in myeloid malignancies. The functional consequences of aneuploidy at the

cellular level are difficult to assess because of a lack of convenient markers to distinguish

abnormal from diploid cells. We performed single-cell RNA sequencing (scRNA-seq) to

study hematopoietic stem and progenitor cells from the bone marrow of 4 healthy donors

and5patientswithbonemarrowfailureandchromosomegainor loss. In total, transcriptome

sequences were obtained from 391 control cells and 588 cells from patients. We char-

acterized normal hematopoiesis as binary differentiation from stem cells to erythroid and

myeloid-lymphoidpathways.Aneuploidcellsweredistinguishedfromdiploidcells inpatient

samples by computational analyses of read fractions and gene expression of individual

chromosomes.Weconfirmedassignmentof aneuploidy to individual cells quantitatively, by

copy-number variation, and qualitatively, by loss of heterozygosity. When we projected

patients’singlecellsonto themapofnormalhematopoiesis,diversepatternswereobserved,

broadly reflecting clinical phenotypes. Patients’ monosomy 7 cells showed downregulation of genes involved in immune response and

DNA damage checkpoint and apoptosis pathways, whichmay contribute to the clonal expansion ofmonosomy 7 cells with accumulated

gene mutations. scRNA-seq is a powerful technique through which to infer the functional consequences of chromosome gain and loss

and explore gene targets for directed therapy. (Blood. 2017;130(25):2762-2773)

Introduction

Chromosomal abnormalities are typical incancer cells.1-5Various types
of chromosomal aberrations are frequently observed in hematologic
malignancies, includingmyelodysplastic syndromes (MDSs) and acute
myeloid leukemia (AML),6-8 and they occur as late-evolution events in
so-called benign diseases like aplastic anemia (AA) and constitutional
bonemarrow (BM) failure (BMF) syndromes.9,10 Specific cytogenetic
abnormalities are prognostic. In marrow failure, monosomy 7 is as-
sociated with refractory cytopenias and progression to acute leukemia
and thus poor clinical outcome.2,6-11 Identification of the genetic
machinery of chromosome 7 loss would give insight into the patho-
physiologic mechanisms of early leukemogenesis.

Efforts to clarify molecular alterations in monosomy 7 syndromes
have been of limited value in understanding its development and
progression.12-22 In an early study of ours, we identified disease-specific
dysregulated genes and pathways using GeneChip analysis of bulk
CD341 hematopoietic stem (HSCs) and progenitor cells (HSPCs) from
patients withMDSwithmonosomy 7.20However, the absence of specific

cell-membrane markers to separate cytogenetically normal and abnormal
cells hindered further analysis of dysregulated molecular mechanisms.

Single-cell RNA sequencing (scRNA-seq) allows high-resolution
whole-transcriptome profiling of individual cells and direct analysis of
subpopulations of cells from a larger heterogeneous population.23-33

Gainor lossof chromosomes should lead toover- or underexpressionof
genes located on the affected chromosomes.34 Concomitant increases
and decreases in chromosome-wide gene expression levels could be used
to infer chromosome copy numbers by scRNA-seq.24,35 In identifying
aneuploid cells, function may be imputed from transcriptional signatures,
and transcriptional programs of individual cells may be compared for
aneuploid cells fromdifferent patients and between diploid and aneuploid
cells of the same patient.

In this study, we performed scRNA-seq analysis of BM-derived
CD341 cells from patients with BMF and cytogenetic abnormalities.
We distinguished aneuploid cells from diploid cells using several
analytical strategies; we identified molecular signatures in patient cells
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that had undergone clonal evolution from BMF to premalignancy and
in patients presenting with marrow dysplasia. We demonstrate that
scRNA-seq is a powerful tool by which to define functional and
molecular alterations in human cells with chromosome abnormalities.

Methods

Full descriptions of experimental procedures and analytical methods can be
found in thedata supplement.Data are available in theGeneExpressionOmnibus
(accession #GSE99095).

Participants and samples

BM samples were obtained from patients with BMF with aneuploidy by
conventional cytogenetics (patients 1-5) after written informed consent in
accordance with the Declaration of Helsinki and under Clinicaltrials.gov
protocols #NCT00001620 and #NCT00001397, approved by the institutional
review boards of the National Heart, Lung, and Blood Institute. We chose
3 patients in whom AA was followed by clonal evolution, which is typically
monosomy 7 or trisomy 8; this clinical circumstance allows examination of
early leukemogenesis. We also studied 2 patients with de novo MDS: 1 with
cytopenias and marrow hypocellularity, and the other with excess myeloblasts.
Four healthy donors (31/M, 34/M, 57/F, and 58/M) were controls.

Whole-trancriptome amplification, complementary DNA library

preparation, and sequencing

The C1 Single-Cell Auto Prep System (Fluidigm) was employed to perform
SMARTer (Clontech) whole-transcriptome amplification (WTA) on up to
96 individual cells, according to the manufacturer’s protocols. WTA products
were converted to Illumina sequencing libraries using Nextera XT (Illumina),
followed by sequencing on an IlluminaHiSequation 2500 or 3000 System using
a 75-bp paired-end sequencing strategy.

Data analysis

Total reads were mapped to the reference genome with RSubreader, and gene-
level read counts were calculated using featureCounts.36 Only data from high-
quality cells with .2 million mapped reads, and .2000 captured genes were
used in further analysis. The schematic pipeline is depicted in Figure 1A. Cells
were mapped and clustered using tSNE and density-based spatial clustering of
applications with noise (DBSCAN) on highly variant genes, and an HSPC type
was assigned to each cluster based on significance in overlapping between
HSPC- and cluster-specific genes (Fisher’s exact test).

Monocle37 was used to reconstruct the differentiation continuum of healthy
donorcells.For eachpatient, individual cellswereprojectedonto themapofnormal
hematopoietic differentiation based on cell-by-cell comparison of the pattern of
global gene expression and localization to the 5 most similar healthy donor cells.

Chromosomal aneuploidy was evaluated by 3 independent methods. First,
chromosome CNVs at a location of each gene were estimated using average
expression of genes in a sliding window24 that contained the proximate 50 up-
and 50 downstream genes. Second, an index, termed CRE, whichwas originally
introduced to call aneuploidy using microarray technology,38 was adapted to
scRNA-seq as the fraction of transcripts per million on a given chromosome.
CRE value distribution in control cells was used to estimate the false discovery
rate. Third, we used degree of LOH in single-nucleotide polymorphisms (SNPs)
on each chromosome to estimate the probability of chromosomal loss. Genetic
variants were called using GenomeAnalysis Toolkit best practices for RNA-seq
variant calling,39 with STAR v2.3.0e and GRCh37.75. Donor cells were used to
build a background model for probability determination.

Results

Profiling of individual hematopoietic cells by scRNA-seq

The experimental workflow for scRNA-seq is depicted in supplemental
Figure 1A. We separated subpopulations of BM mononuclear cells by

fluorescence-activated cell sorting, in order to enrich for primitive
hematopoietic progenitors and increase the homogeneity of the
samples. CD341CD382Lin(CD3CD14CD19)2 and CD341CD381

Lin(CD3CD14CD19)2 populations were obtained for patient 4 and
4 healthy donors; for the other patients (patients 1, 2, 3, and 5), limited
cell numbers (because of their BMF) allowed separation only of
CD341 cells that were negative for lineage markers. In total, we
sequenced 1202 single-cell libraries and corresponding bulk samples
for each participant and retained 391 cells from healthy donors and
588 cells from patients after quality control for further analysis.

Aggregate gene expression profiles of single cells accurately
recapitulated bulk gene expression from the same cell population
(supplemental Figure 1B). As expected, the gene encoding for CD38
was expressed on CD341CD381 cells and not on CD341CD382

cells from healthy donors (Figure 1B), and there was consistency
between CD38 gene expression at the RNA and protein levels.
Correlation between individual cells from the same individual showed
a broad spread (R5 0.2-0.6; supplemental Figure 1C-D); such cell-to-
cell variability is similar to other published scRNA-seq data.24

Single-cell transcription shows heterogeneity of HSPC

populations from healthy donors

We first examined scRNA-seq data from healthy donors to determine
expression characteristics of individual HSPCs and to provide a reference
for patient samples. To assess transcriptional relationships, 391 single-cell
transcriptomes were analyzed using highly variable genes (supplemental
Figure 2A). There was a clear distinction between CD341CD382 and
CD341CD381 cells at the transcript level by hierarchical clustering
analysis (supplemental Figure 2B). Genes known to be expressed in
stem cells40 were enriched in CD341CD382 cells, and genes typical
of oligopotential or unipotential hematopoietic progenitors were
enriched in CD341CD381 cells (Figure 1C).

For single cells, we first employed tSNE to visualize high-
dimensional data in 2 dimensions while preserving pairwise similarity.
The more primitive population of CD341CD382 cells formed a single
cluster, whereas the CD341CD381 population, containing differentiat-
ing cells, was more heterogeneous. The density-based clustering
algorithm in DBSCAN was then used to identify the number of
groups, and each cell was automatically assigned to a group (Figure 1D).
We assigned to each cluster a specific hematopoietic cell identity by
comparing cluster-specific genes with reported lineage signature genes.40

Putative identities could be assigned to clusters of HSCs, multilymphoid
progenitors, MEPs, granulocyte-monocyte progenitors, pro–B cells, and
earliest thymic progenitors. Collectively, the results from healthy donors
suggested that scRNA-seq could be used to resolve human single HSPCs
into specific subtypes based upon gene expression profiles.

Aneuploid cells detected from patients’ HSPCs

As proof of concept, we applied scRNA-seq to cells from patients with
BMF who had cytogenetic abnormalities (Table 1). We first assessed
average expression levels based on fractions of reads from each
chromosome for healthy donor samples, and as expected, expression
levels among them were similar (supplemental Figure 3A). When the
same analysis was performed for patient cells, we found lower ex-
pression of chromosome 7 genes in patients 1, 2, and 4, higher ex-
pression of chromosome 8 genes in patients 4 and 5, and increased
expression of chromosome1genes in patient 4 (Figure 2A; supplemental
Figure 3B). These patterns of lower or higher gene expression were
concordant with the known chromosomal aberrations in each patient as
determined by clinical cytogenetics. There were no apparent changes in
expressionofgenesbychromosomelocation forotherchromosomes.For
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higher resolution of subchromosomal CNVs, we used a sliding
windowmethod24 to assess mean expression of 101 genes (equivalent
to ;30 MB) sequentially along each chromosome. Healthy donors,
whose karyotypeswere assumed tobenormal diploid, did not showany
CNV on any chromosome (supplemental Figure 4A). By comparison
with normalized CNV profiles from healthy donors, we verified the
presence of CNVs in patients on chromosome 7 (patients 1, 2, and
4), chromosome 8 (patients 4 and 5), and a duplicated region on the
long arm of chromosome 1 (patient 4; Figure 2B).We also detected
lower copy number of 7q22-36 in patient 3 (Figure 2C), which was
present in a small proportion of the patient’s cells by cytogenetics.
Results in patient 4 were initially surprising. On previous clinical

cytogenetics, the patient had trisomy 8 and duplication of 1q; the
sample obtained for scRNA-seq was barely adequate for conven-
tional cytogenetics, which disclosed the chromosome 1 duplication
in 3 of only 4 cells examined. By RNA-seq, we observed both the
previously reported trisomy 8 and also unsuspected low copy number
of chromosome 7 by both our algorithms. Indeed, when fluorescence in
situ hybridization was performed on the same marrow specimen, these
chromosome abnormalities were validated (Figure 2D).

To quantify individual cells with abnormal patterns of gene
expression by chromosome, we used CRE analysis. Because mono-
somy 7 and trisomy 8were the dominant aneuploidy phenotypes in our
patients, we assessed for global expression of these chromosomes.
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Figure 1. Hematopoietic heterogeneity in healthy donors quantified by scRNA-seq. CD341CD382 and CD341CD381 cells from 4 healthy donors (healthy 1-4) were

sorted by surface-membrane markers and subjected to analyses. (A) The schematic pipeline consisting of 3 major analytic components: differentiation analysis with cells from

healthy donors, identification and characterization of monosomy 7 cells with gene expression, and validation of monosomy identification with loss of reterozygosity (LOH).

CNV, copy-number variation; CRE, chromosome relative expression; GATK, Genome Analysis Toolkit. (B) CD38 expression levels in CD341CD382 and CD341CD381 cells.

Each dot represents a single cell. y-axis, batch-corrected gene expression levels. (C) Cumulative distribution of fold changes of expression of hematopoietic cell type signature

genes between CD341CD382 and CD341CD381 cells. Each dot represents a gene. B-NK, B cell–natural killer cell precursor; CMP, common myeloid progenitor; ETP,

earliest thymic progenitor; GMP, granulocyte-monocyte progenitor; MEP, megakaryocytic-erythroid progenitor; MLP, multilymphoid progenitor; ProB, pro–B cell. y-axis,

cumulative distribution; x-axis, log (marker gene expression levels in CD341CD381 cells/marker gene expression levels in CD341CD382 cells). (D) t-distributed stochastic

neighbor embedding (tSNE) plot of single-cell gene expression data. Single cells from 4 healthy donors (healthy 1-4) are represented by different symbols. Highly variable

genes (1024) across all healthy donors were used in tSNE analysis.
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Lower chromosome expression was identified for chromosome 7 in
55%of patient 1’s cells, 26%of patient 2’s cells, and 71%of patient 4’s
cells (denoted as monosomy 7 cells in the following text; Figure 2E;
supplemental Figure 4B). Higher expression of chromosome 8 genes
was present in 67% of patient 4’s cells and 51% of patent 5’s cells
(supplemental Figure 4B).

Chromosome loss in aneuploidy results in CNV of RNA transcript
levels as well as LOH. When we performed eSNP karyotyping41 for
expressed genes to validate CNV results, we found a lower frequency
of heterozygous SNPs on chromosome 7 in patients compared with
healthy donors (supplemental Figure 5). Furthermore, LOH was
evident for chromosome 7 on examination of individual denominated
monosomy7cells comparedwithdiploid cells from the samepatient, as
described above (supplemental Figure 6A). There was high correlation
(R5 0.72) between CNV and LOH (supplemental Figure 6B), but no
correlation between sequencing depth (read count) and LOH score
(supplemental Figure 6C).

scRNA-seq analysis reveals distinct differentiation patterns of

HSPCs from healthy donors and patients

scRNA-seq allows for high-resolution reconstruction of cell differen-
tiation. We performed cell pseudotemporal ordering analysis using
scRNA-seq data of healthy donors to deconvolute normal hematopoi-
etic differentiation.Monocle orders cells bymaximizing transcriptomic
similarity between successive cells. After ordering in the absence of a
priori assumptions, each cell was assigned a cell stage based on its
expression of known hematopoietic signature genes. We found cells
to be ordered along 2 branches of differentiation from HSCs, with
1 branch containing cells expressing genes characteristic of erythroid/
megakaryocyte, and the other, lymphoid andmyeloid cells (Figure 3A).

To deconvolute the differentiation patterns ofHSPCs from patients,
we mapped patients’ cells onto the normal differentiation continuum.
We defined their mathematical coordinates with an average of the
5 most proximate healthy donors’ cells, with proximity based on
similarity among their transcriptomes. Patients’ cells showed dis-
tinctive hematopoietic development patterns compared with cells
from healthy donors (Figure 3B-D), validated using the tSNE
algorithm (supplemental Figure 7A-C). There was heterogeneity in
differentiation patterns among patients who had only the single
cytogenetic abnormality of monosomy 7. Diploid cells from patients
also showed abnormal, highly biased patterns of differentiation.

Patterns of patients’ cells were consistent with their individual
clinical and laboratory diagnostic characteristics. At sampling, patients
3 and 5 had normal blood counts; by scRNA-seq, their HSPCs dif-
ferentiated to both erythroid/megakaryocyte and myeloid/lymphoid
lineages, similar to the pattern in healthy donors. Patient 2, a child, had
experienced posthepatitis severe AA that had rapidly evolved to
monosomy 7MDSwith persistent pancytopenia;flow cytometry of his
BM cells showed the majority of CD341 cells to express CD19,
consistent with an early lymphoblast phenotype, and one-third of
cells within the lymphoid compartment expressed CD10, typical of
hematogones seen in children. For this patient, scRNA-seq showed
markedlybiased lymphoid lineagedifferentiation. Patients 1 and4were
pancytopenic, but marrow cellularity in 1 patient was low, and in the
other increased. By scRNA-seq, these patients’ cells showed marked
skewing to the MEP pathway. Within the MEP compartment, gene
signatures of erythropoiesis-specific genes have been assigned to stages
of early red blood cell maturation. We identified early-stage erythroid
(CD341CD711GlyA2) marker genes (eg, CD36)42 within the healthy
donors’most terminally differentiatedMEP (Figure 4A). Expression of
these early erythroidmaturation geneswas variable amongpatients, butT
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low expression correlated with the degree of anemia, even in the
presence of markedMEP skewing, as in patients 1 and 4. These results
were consistent with impaired erythroid differentiation as detected at
the single-cell level (Figure 4A-B).

Patient 4 showed evidence of early leukemia in the marrow, where
15%of cellswere identified asmyeloblasts.By scRNA-seq, nearly half of
this patient’s CD341CD381 cells were aberrantly present within the
HSC/multilymphoid progenitor population (Figure 3C; supplemental
Figure 7D). CD341CD381 cells are expected to lie among differentiated
populations.Weexcludedapossible sortingerror for patient 4’s cells as an
explanation for abnormal localization by examining for CD38 gene
expression within the stem-cell and differentiated cell compartments
(Figure 4C); we assessed whether aberrant CD38 stem cells showed
known leukemia signatures. We found higher expression of AML
signature genes43,44 in these cells, with decreased gene expression levels
of the normal stem-cell signature (Figure 4D-E). Thus, we inferred that
these cells likely were leukemic myeloid blasts.

Differential gene expression in monosomy 7 cells compared

with diploid cells

One of our main aims was to impute functional differences character-
izing aneuploid cells. To this end, for each patient we compared
monosomy 7 cells with diploid cells for differentially expressed genes,
and we analyzed these genes within functional pathways using
Genomatix.45 Data from patients 1, 2, and 4 were used [patient 3
was excluded because of a low number of del(7q) cells; patient 5
had trisomy 8; supplemental Table 1].

We first noted that for monosomy 7 cells in general, down-
regulated genes and gene pathwayswere prominent, and there were a
limited number of upregulated genes. However, there appeared to be
marked heterogeneity in gene expression of monosomy 7 cells
among patients. Therefore, to examine for common transcriptional
features of monosomy 7 cells, we exploited our observed differences
in chromosome 7 gene expression in individual cells (Figure 2E),
reasoning that cells that were least distinct from diploid patterns
might obscure monosomy 7 cell characteristics (the computational
method for progressive removal of cells with intermediate chromo-
some 7 gene expression is described in the data supplement). For
patient 4, we assessed the MEP population rather than total cells to
exclude cells with blastic properties present in the latter and allow
comparisons among predominantly CD381 cells in all 3 patient cases.

We observed 5 markedly downregulated functional groups in
monosomy 7 cells (supplemental Tables 1 and 2): DNA damage
checkpoint (genes such as ATR/ATM signaling, BRCA1 and BRCA2
signaling, and Fanconi anemia signaling), cell cycle (regulation of cell-
cycle progression by PLK3 and influence of RAS and RHO proteins on
G1 to S transition), apoptosis (apoptosis signaling in response to DNA
damage and TRAIL signaling), immune response (eg, BCR signaling,
TCR signaling, NF-kB cascade, and Toll-like receptor signaling path-
way), and hematopoietic differentiation (EPO pathway).

Monosomy 7 gene signature and increased genomic instability

in monosomy 7 cells

Because downregulated genes in monosomy 7 cells were similar by
function and showed overlap among patients 1, 2, and 4 (Figure 5A),
we combined downregulated genes from these 3 patients (data
supplement) to obtain a monosomy 7 gene signature (supplemental
Table 1). We mapped these genes to a protein-protein interaction
network using STRING data,46 followed by in-house software
jActiveModulesTopo,47 inorder to identifybiologicallymeaningfulgenes
anddisplay their relationships.Anetworkof94genesand188 interactions

were identified (supplemental Figure 8), with most genes involved in
immune response, DNA damage checkpoint, and apoptosis. When we
examined the downregulated genes in the top pathways (supplemental
Figure 9; supplemental Table 2) in a protein-protein interaction network,
a network of 79 genes and 346 interactions involving the 3 functional
groups (annotated as GO0006915 [apoptosis process], GO0006955
[immune response], and GO0042769 and GO2001020 [DNA damage
response] by org.Hs.eg.db in Bioconductor) was generated (Figure 5B).
Among these genes, 6 were located on chromosome 7, including
MCM7, HUS1, RFC2, BRAF, DBNL, and CARD11; another
downregulated gene, SAMD9 (on chromosome 7q21.3), was
noted (insufficiency of its murine homolog Samd9l produces
myeloid malignancy resembling human monosomy 7 disease15).

Because genes involved inmaintainingDNA stability weremarkedly
downregulated in monosomy 7 cells, we hypothesized that one
consequencemight be genomic instability.We generated a catalog of
curated SNPs (data supplement) and calculated SNP frequencies in
cells from patient 4, who had sufficient cells for reliable analysis, and
3 subpopulations that could serve as references. Similar SNP frequen-
cies were present among diploid cells (Figure 5C), but monosomy 7
cells showed increased SNPs in both CD341CD381 cells within
the HSC compartment and CD341CD381 cells in MEP, compared
with corresponding diploid cells and CD341CD382 monosomy 7
cells, suggesting increased genomic instability in monosomy cells
in proliferating cell compartments.

Discussion

We isolated hundreds of individual cells from healthy controls and
patients with clinically significant cytogenetic abnormalities and
imputed their transcriptomes from RNA sequences by analyzing
millions of reads in a variety of computational analytical methods.
Using scRNA-seq, we first characterized the pattern of normal human
hematopoiesis as binary differentiation from HSCs toward lymphoid/
myeloid and erythroid lineages. Second, we distinguished aneuploid
cells in mixed cell populations from patients’ BM and inferred ab-
normal differentiation patterns of patients’ cells by localization onto the
map of normal human hematopoiesis. Third, scRNA-seq enabled us to
define distinctive gene expression profiles of monosomy 7 HSPCs
compared with the corresponding diploid cells from the same pa-
tients, providing a provisional molecular signature for this impor-
tant aneuploid aberration. We believe that ours is the first study to
clearly identify molecular characteristics of monosomy 7 HSPCs
from patient samples at the level of the single cell.

Methods directed at the measurement of DNA itself, like fluores-
cence in situ hybridization and CNV techniques, allow accurate
identification of individual anueploid cells, and by comparison,
quantification of RNA is indirect in its approximation of DNA
content. However, scRNA-seq provides robust data relating to DNA
transcription, and therefore the functional status of a cell, not available
with direct DNA methods. Even with the technical limitation that
full-lengthmRNA sequencing currently only captures 96 cells in a run,
it is superior in providing highly informative SNPs and mutations
that assure the validity of our CRE approach. Although individual cells
obviously cannot be repeatedly assessed, we confirmed the accuracy
of nomination of aneuploidy using complementary computational
strategies of CRE and LOH, which identified the same set of cells
as lacking chromosome 7. We found useful graded removal of cells
with intermediate character at the statistical border of aneuploidy and
diploidy, which both increased the agreement between LOH and CRE
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Figure 2. Detection of CNVs in single cells from patients. (A) Average gene expression for each chromosome in single cells from patients and healthy donors. Average

gene expression levels of individual chromosomes from 4 healthy donors were used for comparison. Chromosome mapping read values were median-centered. The top and

bottom of the bar represent the 25% and 75% quartiles. (B) Heatmaps of CNV signals obtained by sliding window analysis. scRNA-seq data of patients were normalized

against those of healthy donors. Copy-number changes were examined in 22 chromosomes (columns) for patients’ individual cells (rows). (C) CNV signals on chromosome 7
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and uncovered common biologically meaningful gene signatures in
patients despite their heterogeneous clinical phenotypes. Confi-
dence in our data was also afforded when our detailed view of
lineage commitment of HSPCs appeared similar to recently

published data sets of;1000 cells from 2 normal individuals32 and
from parallel scRNA-seq experiments of .10 000 cells performed
on a different platform in our own laboratory (supplemental
Figure 10).
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Three of the most downregulated pathways that we identified in
monosomy 7 cells can be meaningfully related to the biology and
pathophysiology of BMF. We found downregulation of BCR, TCR,
TLR, and NF-kB signaling pathways in monosomy 7 cells in our
patients’ samples, consistent with the immune origin of the AA from
which aneuploidy had developed. In AA, cytotoxic T cells, their
cytokines, andFas-mediated apoptosis produce immunedestruction of
hematopoietic cells.48 Patients in this study had undergone immuno-
suppressive therapy,which led to hematologic improvement but likely
did not terminate immune attack on marrow target cells. Functional
alteration of critical immune response pathways could result in
decreased recognition of monosomy 7 target cells or deficient signal
transduction after an immune encounter. Precedents for selection of
clonal populations in immune marrow failure include frequent 6p
LOH, which decreases HLA expression on target cells49 and the
paroxysmal nocturnal hemoglobinuria/aplastic anemia syndrome, in
which cells mutated in the PIGA lose expression of many cell-surface
proteins andmaynot be recognized byT cells.50 Supportive of a similar
mechanism of immune escape for monosomy 7 is the occasional
clinical observation of disappearance of monosomy 7 in conventional
cytogenetics after immunosuppressive treatment of patients with
MDS.51 Downregulation of the DNA damage response and apoptosis
pathways is potentially related to both escape from environmental
toxicity and progression of monosomy 7 to MDS and AML. In re-
sponse to stressful stimuli, such as inflammation and the regenerative
demands of cytopenias, HSCs enter cell cycle in enforced pro-
liferation.52 Increased replicative DNA damage would follow, with
activation of DNA damage checkpoint pathways, cell-cycle arrest,
apoptosis, repair, or cell senescence. Activation of DNA damage

checkpoints characterizes BM from patients withMDS, as detected by
immunostainingofATM,Chk2, andgH2AX.53,54 InactivationofDNA
damage checkpoints correlates with RAEB221 and AML,43 as well as
disease progression from MDS to acute leukemia.53 Consistent with
impairedDNAdamage checkpoints inmonosomy7 cells,we observed
decreased apoptosis signaling in these cells, and further genomic
instability consequent to failure of these regulatory pathways was
suggestedbymarkedly increasedmutations inmonosomy7cells in 1 of
our patients. On the basis of our experimental results and data from
other sources, we outline a hypothesis for monosomy 7 evolution in
which a toxic immune microenvironment and resultant regenerative
stress allow selection of cells with both reduced sensitivity to
inflammatory signals and impaired DNA damage repair; these cells
not only have a survival advantage but are genomically unstable and
thus the origin of later leukemia (Figure 6). Haploinsufficiency of
several genes located on chromosome 7 involved in critical pathways,
rather than any specific gene, may contribute to the prevalence of
monosomy 7 cells as the predominant clonal event in a wide variety of
BMF syndromes.

In this pilot study, we selected patients with aneuploidy in the
setting of marrow failure purposely to observe cells early after devel-
opment of a significant chromosome abnormality but before the
cascade of molecular and chromosomal changes that typify AML.
Whether the gene mutation profiles in individual patients affected the
gene expression patterns of these monosomy 7 cells is not known.
Nevertheless, despite small numbers of patients, relatively low
numbers of cells, and inherent differences in the genetic background
of eachpatient and clinical courses,weobtained novel andprovocative
biological data that should inform future experimental approaches.
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We could reliably detect aneuploid cells, identify dysregulated
gene pathways and putative molecular signatures, and find evidence
of global genomic instability at the single-cell level. Our approach
should be useful for the study of other aneuploid syndromes and more
complex cytogenetic abnormalities and in following patients serially
during disease progression or treatment.
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